Abstract: New zeroth-order resonator (ZOR): the curved EZR-MZR resonator [epsilon-zero resonance (EZR) and mu-zero resonance (MZR)] was proposed for circular-polarized (CP) antenna design with low-profile and omnidirectional characteristics. The proposed curved EZR-MZR resonator has two orthogonal polarizations with 90°phase difference (PD). By forming four resonators in a circular ring array, the MZR can be characterized as a magnetic dipole. Then, the unidirectional pattern of the horizontal polarization was transformed to be omnidirectional while the EZR with vertical polarization can be characterized as an electric dipole and it radiates omnidirectional pattern. As the PD of the vertical and the horizontal polarizations is inherently 90°, the allying of the two orthogonal polarizations leads to a CP radiation with an omnidirectional pattern. To feed the resonators with uniform amplitude and phase, a feeding network with four equal radial arms is used. The proposed omnidirectional CP antenna has the advantages of low profile from ZOR characteristics and high design efficiency from the inherent 90°PD between the orthogonal polarizations. A prototype with resonant frequency of 1.544 GHz was designed with a diameter of 57 mm (0.29 λ r , λ r is the free space wavelength of the resonant frequency) and a height of 4 mm (0.02 λ r ).
Introduction
Circular-polarized (CP) antenna has two orthogonal polarization fields with equal magnitude and 90°phase difference (PD). Therefore, data transmissions with CP antennas are independent of the orientation of the transmitter and the receiver. Moreover, a CP antenna is able to mitigate the multi-path distortion and polarization mismatch losses. Then, CP antennas are required for many applications, such as GPS, handheld, portable devices, and compact mobile communication systems [1] - [5] . Generally speaking, to generate CP radiation, an antenna has to produce two orthogonal resonant modes with a 90°PD. One approach is attained by utilizing dual-feed on a single antenna: one feed to inspire a resonant mode with a phase ϕ, and the other feed to inspire an orthogonal resonant mode with a phase ϕ + 90
• [6] , [7] . Therefore, the dual-feed CP antennas require a complicated feeding network, and consequently a large antenna size for the feeding network circuit. The other approach utilizes single feed that requires perturbation at appropriate locations of the antenna structure to excite two orthogonal modes with 90°PD. Perturbations on the antenna structure include slits, truncated corners, slots and even metamaterial structures [3] - [5] . Compared to those dual-feed CP antennas, the single feed CP antennas have simpler feeding network circuit and smaller antenna size. However, the bandwidths of the single feed antennas are narrower than the dual-feed antennas. Besides, we should be very careful about the dimension/location of the perturbation and the position of the feeding to obtained good CP characteristics. Therefore, it is hard to realize high design efficiency for CP antennas.
On the other hand, to cover a large service area, CP antennas with omni-directional radiation patterns are greatly desired. Typical omni-directional CP antennas include small helical antenna that radiates at normal mode [8] , spiral array antenna that conforms to a cylinder [9] , monopole antenna [10] and microstrip patch antenna with back-to-back radiators [11] , [12] . However, these antennas must be placed vertically and they are not suitable for low-profile applications. In fact, even the linear polarized omni-directional antennas also have to be vertical.
Fortunately, the recent reported linear polarized ZOR antennas, that capable of realizing omnidirectional pattern with a low-profile structure [13] , [14] , inspire the ideas to design omni-directional CP antenna with ZOR [15] - [21] . In 2011, Park et al. introduced a low-profile omni-directional CP antenna that designed by combining a ZOR and curved branches [15] , and then on 2012 and 2013, the ZOR mode was combined with other modes (such as the first-order mode and the TM 010 mode) for more fancy antennas designing [16] , [17] . In 2013, we gave a brief introduction to a low-profile omni-directional CP antenna with novel ZORs in a short conference paper [18] . In 2015, a novel structure that inspiring ZOR and first-order modes for dual-band low-profile omni-directional CP antenna was discussed by Li et al. [19] . In 2015, a wideband omni-directional CP antenna with ZORs was proposed by Wu et al. [20] . In 2014, a ZOR based omni-directional CP antenna [21] that a bit similar to our previous proposed structure [18] was proposed by Yang et al. However, the structure in [21] is more complicated than [18] . It is found that, all of the above ZOR based CP antennas have compact size (such as 0.288 λ-0.400 λ). Owing to the inherent characteristic of ZOR, the designs in [15] , [16] , [18] , [19] show narrow bandwidths. While the wide bandwidths of [20] , [21] were achieved by using air gap that result in high profile.
Though some researches have been conducted on the designing of ZOR based CP antennas, the operational mechanism of our proposed antenna is different from the above references. The antennas in [15] - [17] , [21] utilize EZR resonator (ZOR) to obtain vertical polarization and branches to obtain horizontal polarizations. The antenna in [19] utilizes 2D composite right/left-handed transmission line (CRLH TL) to generate ZOR and first-order resonance (FOR). The antenna in [20] utilizes slotted square patches and feeding probe to generate orthogonal fields. While our proposed antenna in this research combines the two zeroth-order resonances (EZR and MZR) features in one resonator (EZR-MZR resonator), and the EZR-MZR resonator realizes orthogonal polarizations with inherent 90°PD in one resonant mode. Then, the design principle of our antenna is rather simple as omni-directional CP radiation can be easily obtained by simply arraying multi EZR-MZR resonators in a ring form array. Therefore, the design efficiency of the antenna is very high.
Moreover, there still lack a high design efficiency approach and systematic research for ZOR based low-profile omni-directional CP antenna design. For these purposes, we defined a novel ZOR that composites EZR and MZR characteristics and radiates two orthogonal polarizations [22] . Thus, the novel ZOR was denoted as EZR-MZR resonator, and it was utilized to design unidirectional antenna with wide half power beam width (HPBW) patterns in [22] . In this research, a simple method to design omni-directional CP antenna was provided. The method takes advantages of the one resonant mode with EZR and MZR features to have orthogonal polarizations. This research reveals that the compositing of the EZR and MZR features in one resonator (the EZR-MZR resonator) ensures inherent 90°PD for the two orthogonal polarizations. However, to produce an omni-directional CP radiation, the radiation of the MZR resonance must be transformed from bi-direction to omni-direction. This method arranges multi EZR-MZR resonators in a ring form array to force the EZR and the MZR to operate as electric dipole and magnetic dipole, respectively. In this research, a new EZR-MZR resonator with a curved microstrip line was designed for further investigation in Section 2 firstly. The characteristics of the curved EZR-MZR resonator with respect to polarizations, PD and radiations were investigated. Research found the two orthogonal polarizations of the EZR-MZR resonator have an inherent PD of 90°. However, the two orthogonal polarizations have different radiation patterns and the resonator is unable to generate effective CP wave. Then, detail discussions were conducted on the designing of low-profile omni-directional CP antenna with the curved EZR-MZR resonator in Section 3. By placing four curved EZR-MZR resonators in a ring form array, the horizontal polarization (MZR) was forced to operate as a magnetic dipole. Then, the jointing of the magnetic dipole and the electric dipole (the vertical polarization) realizes omnidirectional CP radiation. To achieve the electric/magnetic dipoles, the EZR-MZR resonators were fed with uniform amplitude and phase by a radial feeding network. Thereafter, a CP antenna was successfully designed. Fully investigations were conducted on the proposed CP antenna. Good antenna's axial ratio can be easily obtained as the PD between the two orthogonal polarization fields is always 90°and the magnitudes of the two polarization fields can be tuned by adjusting the antenna structure parameters, such as the ground plane size. Owing to the good characteristics of the curved EZR-MZR resonator and the simple ring-shaped array for magnetic/electric dipoles, high design efficiency of the proposed design approach can be expected for other frequency bands antennas.
The Curved EZR-MZR Resonator Analysis
Further investigation was conducted on the EZR-MZR resonator as shown in Fig. 1 . A typical EZR-MZR resonator comprises a microstrip patch, a ground plane and a shorting pin. As shown in the figure, the vertical E-fields between the patch and the ground plane form a capacitance C, while the horizontal currents along the patch to the shorting pin and the ground form an inductance L. Therefore, the EZR-MZR resonator structure can be characterized by LC resonator. It is note that, the capacitance C and the inductance L are mainly related to the radiated vertical and horizontal polarized fields, respectively. Then, the operating period T of the resonator can be divided into four stages:
1) 0 -T/4, the C releases energy and the L receives energy, and the resonator radiates vertical polarized field, 2) T/4 -T/2, the C receives energy and the L releases energy, and the resonator radiates horizontal polarized field, 3) T/2 -3T/4, the C releases energy and the L receives energy, and the resonator radiates vertical polarized field, 4) 3T/4 -T, the C receives energy and the L releases energy, and the resonator radiates horizontal polarized field. Note that, the potentials of the stages 1) and 3) have opposite signs, and the currents of the stages 2) and 4) have opposite flowing directions. Thus, the resonator radiates vertical and horizontal polarized fields alternately with an interval of a quarter period T/4, and an inherent 90°PD between the two orthogonal polarization fields can be obtained. As the following proposed CP antenna was designed by forming four resonators in a ring shape, we take a circular curved EZR-MZR resonator for further investigation as shown in Fig. 2 
(a).
As shown in the figure, the curved EZR-MZR resonator is comprised by a circular curved strip with outside radius r 1 and sector angle ϕ, a ground plane and a shorting pin with radius 0.3 mm. According to [22] , a coupling feed is needed to match an EZR-MZR resonator to a 50 coaxial cable. Therefore, the curved EZR-MZR resonator was fed through coupling from a circular curved strip that named as feeding strip. The feeding strip was connected to a cable at the end. A substrate with relative permittivity of ε r = 2.2 and thickness h = 4 mm was used in this research. The parameters of the curved EZR-MZR resonator are r 1 = 23.8 mm, W 0 = 2 mm, ϕ = 87.5
• , W 1 = 1 mm, and g 0 = 0.8 mm. The simulated S and Z parameters were shown in Fig. 2(b) . It is seen from the Z parameters, the structure resonates at 1.506 GHz, while good impedance matching from the |S 11 | was obtained at the resonant frequency.
To validate the composite EZR and MZR nature of the proposed resonator, the effective constitutive parameters of the resonator were retrieved by a Kramers-Kroning relationship based metamaterial parameters extraction method [23] . Fig. 2 (c) and (d) present the simulation model and the extracted results, respectively. As shown in Fig. 2(c) , a microstrip line model was built to excite the EZR-MZR resonator. The substrate utilized to build the microstrip line model is the same as the curved EZR-MZR resonator shown in Fig. 2(a) . To simulate the curved EZR-MZR resonator, the resonator in Fig. 2 (c) has a width 2 mm and a length π × (r 1 − W 0 /2) × ϕ/180 = 34.8 mm. As exhibited in Fig. 2(d) , the extracted relative effective permittivity (ε r e f f ) and relative effective permeability (μ r e f f ) curves demonstrate zero/negative values at certain frequencies. From the figure, the μ r e f f = 0 at 1.44 GHz, while the ε r e f f = 0 at 1.48 GHz and the ε r e f f equals −1 at 1.50 GHz. Thus, both EZR and MZR features are happened for the resonator at very close frequencies, and the frequencies are almost equal to the resonant frequency of the curved EZR-MZR resonator. Therefore, the resonator was denoted as EZR-MZR resonator. To reveal the operational mechanisms of the curved EZR-MZR resonator vividly, the strongest and weakest currents/E-fields distributions at the resonant frequency 1.506 GHz of the resonator were plotted in Fig. 3 . As shown in Fig. 3(a) and (b), the strongest currents (8.59 × 10 3 A/m) and the weakest E-fields (4.9 × 10 5 V/m) were observed at the same phase (phase I = 80 • ). While from Fig. 3(c) and (d), the weakest currents (3.77 × 10 2 A/m) and the strongest E-fields (1.3 × 10 7 V/m) were also happened at the same phase (phase II = 170
• ). The ratio of the strongest and the weakest currents is about 22.8, while the ratio of the strongest and the weakest E-fields is about 26.5. At the phase I, the strongest currents shown in Fig. 3(a) are mainly flowing along the curved strip of the EZR-MZR resonator, and the currents induce inductance L that related to MZR feature. While the E-fields at the phase I (Fig. 3(b) ) are very weak and they have reverse vector directions. Thus, the resonator mainly radiates horizontal polarization at the phase I. At the phase II, the currents exhibited in Fig. 3(c) are very weak, and they mainly distributed on the feeding strip. The feeding strip that truncated at one end is very small with length = 0.148 λ 0 and width = 0.005 λ 0 , then, standing wave is happened with barely radiation. While the E-fields at the phase II ( Fig. 3(d) ) are very strong and they generate capacitance C that related to EZR feature. Besides, the E-fields in Fig. 3(d) display uniform direction. Therefore, the resonator mainly radiates vertical polarization at the phase II. It is interesting to found that, the PD between the phase I and the phase II is 90°. Thus, the PD between the horizontal and vertical polarizations is inherent 90°owing to the MZR and EZR features.
To further expose the characteristics of the curved EZR-MZR resonator, 3D patterns at the resonant frequency 1.506 GHz were plotted in Fig. 4 . From Figs. 2(a) and 3(a) , the horizontal polarization that related to MZR feature is comprised by x-and y-polarizations. Then, the radiation patterns of the two polarizations were drew in Fig. 4(a) and (b) , respectively. The radiation pattern of the vertical polarization (z-polarization) that related to EZR feature was plotted in Fig. 4(c) . Fig. 4(d) paints the AR pattern. As shown in Fig. 4(a) and (b) , x-and y-polarizations radiate bi-directionally to ±z-directions. From Fig. 4(c) , the z-polarization radiates omni-directionally at xy-plane. Therefore, the horizontal polarization and the vertical polarization have different patterns and radiate to different directions. Then, bad AR was observed in Fig. 4(d) . 
Omni-Directional CP Antenna Designed by Curved EZR-MZR Resonator Array

Antenna Design by EZR-MZR Resonator Array
To form an omni-directional CP antenna by utilizing the characteristics of the orthogonal polarizations with 90°PD of the curved EZR-MZR resonator, the bi-directional radiations of the horizontal (x-and y-) polarizations must be transformed to be omni-directionally. For this purpose, multi curved EZR-MZR resonators can be formed in a ring array, then, the horizontal currents on the strips have a circular form and they operate as a magnetic dipole for omni-directional radiation. The vertical (z) E-fields of the resonators operate as an electric dipole and they also radiate omni-directionally. Noted that, two, three, four, five or any number EZR-MZR resonators can be utilized to form circular currents (magnetic dipole), theoretically.
A prototype with four identical curved EZR-MZR resonators in a ring array form was investigated as shown in Fig. 5 . The proposed CP antenna utilized identical substrate as the above discussed curved EZR-MZR resonator. As shown in Fig. 5 , each of the four curved EZR-MZR resonators is coupling fed by a feeding strip. All of the feeding strips are connected by microstrip lines, and the microstrip lines meet at the centre where they were fed by a SMA (Sub Miniature version A) connector. The arms of the radial feeding network are identical, then, the resonators are fed with uniform amplitude and phase. The gap g 0 and g 1 are related to the coupling between the resonators and the feeding strips, then, they are useful parameters for impedance match tuning. We must point out that, the feeding system has little effect on the PD of the two orthogonal vectors owing to the local EZR-MZR resonance of the resonator. To make the EZR-MZR resonator equals to the Fig 2(a) discussed one, the resonator parameters were chosen as r 1 = 23.8 mm, W 0 = 2 mm, To support the above assertion and reveal the operational mechanism of the proposed CP antenna, the strongest and weakest fields of the proposed antenna (1.544 GHz) were plotted in Fig. 6 . As demonstrated in Fig. 6(a) and (c), the weakest (1.34 × 10 2 A/m) and strongest (6.82 × 10 2 A/m) currents were obtained at the phase III = 60
• and the phase IV = 150
• , respectively. While from Fig. 6(b) and (d) , the strongest (6.15 × 10 5 V/m) and weakest (3.13 × 10 4 V/m) E-fields were obtained at the phase III = 60
• and the phase IV = 150 • , respectively. The weakest currents at the phase III = 60
• are mainly concentrated at the feeding strip as standing wave from Fig. 6(a) , thus, these currents are barely contributing to radiation. The weakest E-fields at the phase IV = 150
• have reverse directions, thus, these E-fields have little contributions to radiation. The Strongest E-fields at the phase III = 60
• are uniformly direct to z-direction as demonstrated in Fig. 6(b) , thus, the E-fields at the phase III = 60
• operates as an electric dipole as depicted in the left part of the Fig. 7 . While the strongest currents at the phase IV = 150
• are focused at the EZR-MZR resonator as shown in Fig. 6(c) , and the four EZR-MZR resonators array makes the currents in a circular shape. Thus the currents at the phase IV = 150
• operates as a magnetic dipole as depicted in the right part of the Fig. 7 . Thus, the proposed antenna radiates vertical field at the phase III = 60
• and horizontal field at the phase IV = 150
• . Besides, the PD of the orthogonal polarizations is 90°. As both the dipoles radiate omni-directionally with a PD of 90°, circular-polarization characteristics can be expected for the composite radiated field.
Results and Analysis
The proposed CP antenna was constructed by Printed Circuit Board (PCB) technique and it is measured as shown in Fig. 8 . Fig. 8(a) demonstrates a picture of the fabricated antenna, and Fig. 8(b) plots the simulated and measured |S 11 |. As shown in Fig. 8(b) , the simulated and measured resonant frequencies (f r ) of the antenna are 1.544 GHz and 1.545 GHz, respectively. The simulated and measured 10 dB bandwidths are 1.541-1.548 GHz and 1.539-1.551 GHz, respectively. Therefore, good agreement was obtained between the simulated and measured results. It is found that, though four curved EZR-MZR resonators were utilized to make up the proposed CP antenna, compact antenna size with diameter of 57 mm (0.29 λ r ) and height 4 mm (0.02 λ r ) was still obtained, where λ r is the free space wavelength of the resonant frequency. It is expected that the antenna size can be adjusted by choosing the numbers of the curved EZR-MZR resonator. This feature might be rather useful for millimeter wave applications to design an electric large EZR-MZR based CP antenna.
For omni-directional radiation at the xy-plane, the ϕ-polarization and the θ-polarization are corresponded to the horizontal polarization and the vertical polarization, respectively. Then, the 3D patterns of the ϕ-polarization, the θ-polarization, as well as the PD and the AR were plotted in Fig. 9(a)-(d) , respectively. As shown in Fig. 9(a) and (b) , both the ϕ-polarization and the θ-polarization radiate omni-directional pattern with almost equal amplitudes (−1.60 dBi and −1.62 dBi, respectively). Note that, at the xy-plane, the pattern of the ϕ-polarization (Fig. 9(a) ) is totally contributed by the horizontal vectors (magnetic dipole of MZR), and the θ-polarization (Fig. 9(b) ) is owing to the vertical vector (electric dipole of EZR). Then, it is expected that the PD between the ϕ-polarization and the θ-polarization would be 90°at the xy-plane. Then, the 3D PD pattern was displayed in Fig. 9(c) . As predicted, the PDs are about 90°except for the z axis. Therefore, as shown in Fig. 9(d) , good AR pattern was obtained, especially at the xy-plane.
For more detailed CP characteristics, the right-handed circular polarization (RHCP) and the lefthanded circular polarization (LHCP) 3D patterns at f r = 1.544 GHz of the proposed CP antenna were plotted in Fig. 10(a) and (b) , respectively. As shown in Fig. 10(a) , the RHCP pattern has a swim ring shape and it radiates omni-directionally at xy-plane with a peak gain of 1.34 dBic. While the LHCP pattern exhibited in Fig. 10(b) has an asymmetrical dumbbell shape with a small peak gain of −13.64 dBic. The patterns of the proposed antenna were measured in a microwave anechoic chamber as exhibited in Fig. 10(c) . As shown in the figure, the antenna was fixed at the measuring platform with the help of a wood-made bracket and foam holder. To feed the proposed antenna, its SMA connector was concatenated to the coaxial-cable of the measuring system. The normalized simulated and measured 2D RHCP and LHCP patterns at xy-plane and xz-plane were plotted in Fig. 10(d) and (e), respectively. As exhibited in Fig. 10(d) , both the simulated and measured RHCP curves are in a circular form and almost symmetry to z-axis at xy-plane. The simulated LHCP is about 23 dB smaller than the simulated RHCP, and the measured LHCP is about 10 dB smaller than the measured RHCP. Though some discrepancies were observed between simulation and measurement in xz-plane as shown in Fig. 10(e) , the measured RHCP curve still shows a roughly dumbbell shape. The antenna shows a measured gain of 0.82 dBic. Therefore, the radiation pattern of the proposed antenna is CP and omni-directional.
The simulated and measured curves of AR and PD at xy-plane were demonstrated in Fig. 11 . The measured AR was calculated by AR = (|E R | + |E L |)/(|E R | − |E L |). As shown in the figure, the simulated AR is about 1.2 dB and is very stable in the whole plane, while the measured AR ranges from 4-6.5 dB. The simulated PD is also stable at around 83°, while the measured PD ranges from 73°to 106°.
Error Analysis
To explain the causes for the discrepancies between the simulated and measured results, error analysis on the measurement is necessary. From Fig. 8 , the measured |S 11 | shows good agreement with the simulated ones and verifies the accuracy of the simulations. However, in Figs. 10 and 11, discrepancies between the simulated and measured results in terms of radiation patterns, ARs and PDs were observed. As the proposed antenna has symmetrical structure to z-axis, it is supposed that the radiation patterns, AR and PD are also symmetrical to the z-axis (stable at xy-plane). However, the measured patterns, AR and PD curves in Figs. 10 and 11 show fluctuant shapes. Therefore, it is conjectured that the discrepancies are probably owing to the error of the measurements.
The proposed antenna was constructed by our previous proposed EZR-MZR resonator [22] . As a kind of ZOR, an EZR-MZR resonator is formed by a strip (patch), a ground plane, a pin to connect one end of the strip and the ground plane, and a substrate to support them. Then, the characteristics of the EZR-MZR resonator are dominated by the horizontal currents on the strip and the vertical E-fields between the strip and the ground plane as indicated in Figs. 3(a)/(d) and 6(b)/(c). Thus, the ground plane plays an important role in the resonator characteristics. This judgment was also testified in the Figs. 13 and 14 of the following Section 3.4 for parametric study. From Figs. 13 and 14, the ground plane affects the radiation patterns, PD and AR of the antenna. Then, the long coaxial cable of the measuring system would significantly affects the field distribution on the ground plane and increase the effective size of the ground plane. Thus, the measured radiation patterns, PD and AR could be deteriorated. Thus, the discrepancies between the simulated and measured results are mainly owing to the cable that needed in the measurement. Besides, the self-made test fixture for the fixation of the measured antenna may also bring some errors in the measurement.
Though discrepancies were happened in the verifying experiments from the measuring cable, the simulated and measured results still verifies the effectiveness of the low-profile omni-directional CP antenna designed by the curved EZR-MZR resonators. The proposed antenna could be used in a specific system without long cable, and the proposed designing method provides a simple and high design efficiency approach for further low-profile and omni-directional CP antenna design.
Parametric Study
Though the proposed EZR-MZR resonator has a merit of inherent 90°PD, the amplitudes of the orthogonal polarizations are still needed to be tuned to achieve good CP characteristics. Then, the ground plane parameter r 0 and the substrate thickness h were discussed in this section.
The simulated S parameters in terms of the ground plane related r 0 were plotted in Fig. 12 . It is found that, the resonant frequency for r 0 = 28.5 mm is 1.544 GHz, while the resonant frequencies for both the r 0 = 45 mm and 65 mm are 1.528 GHz. The unique behavior of the resonant frequency is owing to the capacitance C that related to the ground plane and the curved strip. When the r 0 increased from 28.5 mm to 45 mm and 65 mm, the capacitance C was strengthened and lead to f r decreasing. However, when the r 0 is large enough, further increasing of the r 0 have very small impact on the capacitance C, thus, the f r of r 0 = 45 mm and 65 mm are identical.
From the discussions in Section 2, the strengthened capacitance C lead to enhanced vertical fields and EZR feature. Then, from Fig. 12 and the related discussions, it is supposed that the vertical fields (θ-polarizations) for r 0 = 45 mm and 65 mm are larger than that of the r 0 = 28.5 mm. As θ-polarization is corresponded to vertical polarization at xy-plane, the θ-polarizations patterns in terms of r 0 were plotted in Fig. 13(a) . Note that, only the xz-plane patterns were exhibited for simplicity. The maximal gains of θ-polarization for r 0 = 28.5 mm, 45 mm and 65 mm are −1.62 dBi, −0.12 dBi and −0.35 dBi, respectively. The reason for the gain of r 0 = 65 mm smaller than r 0 = 45 mm is owing to the wider beam-width of r 0 = 65 mm. The patterns of the ϕ-polarization in terms of r 0 were plotted in Fig. 13(b) . Note that, the ϕ-polarization is the horizontal polarization at xy-plane. According to the boundary condition of a perfect electric conductor (PEC) plane (n × E = 0), the ϕ-polarization that parallel to the ground plane would be depressed, and the MZR is also restrained. Therefore, maximal gains of the ϕ-polarization patterns exhibited in Fig. 13(b) decreased from −1.60 dBi, −5.87 dBi to −7.75 dBi for r 0 increasing from 28.5 mm, 45 mm to 65 mm. The ratio values of E ϕ /E θ for r 0 = 28.5 mm, 45 mm and 65 mm are 1, 0.27 and 0.18, respectively. Therefore, the ground plane size r 0 is a very useful parameter for the orthogonal polarizations adjusting.
The PDs and ARs at xy-plane in terms of r 0 were exhibited in Fig. 14(a) and (b), respectively. As shown in Fig. 14(a) , the average PD for r 0 = 28.5 mm, 45 mm and 65 mm are 82°, 75°and 65°, respectively. The decreasing of PD with increased r 0 is owing to the large ground plane that make harm to the ϕ-polarization as the boundary condition of an electric conductor plane (n × E = 0). Thus, the ϕ-polarization pattern decreased with r 0 increasing as shown in Fig. 13(b) . The ARs in Fig. 14(b) verify the results of Figs. 13 and 14(a). As expected, the AR getting worse with r 0 increasing. The average AR for r 0 = 28.5 mm, 45 mm and 65 mm are about 1.2 dB, 6.7 dB and 10.2 dB, respectively. Though, the PD and the AR getting worse with r 0 increasing, we must point that the results were obtained with big enlargement of the ground plane, and it does not deny the value of the r 0 in the tuning of the two orthogonal polarizations. We must choose the ground plane r 0 carefully to realize good CP characteristics.
The parameter h was also swept from 2 mm to 6 mm with a step of 2 mm. The simulated |S 11 | curves were shown in Fig. 15 . From the figure, the resonant frequencies for h = 2 mm, 4 mm and 6 mm are 1.588 GHz, 1.544 GHz and 1.516 GHz, respectively. Thus, larger h means smaller resonant frequency. Therefore, the h is a useful parameter for frequency tuning. It must be pointed out that the EZR-MZR resonator patch parameters (r 1 , W 0 ) are also very useful for frequency tuning.
The radiation patterns of the θ and ϕ polarizations at xz-plane for different h were plotted in Fig. 16(a) and (b) , respectively. Note that, the patterns were obtained at their corresponding resonant frequencies. As the increasing h enlarges the effective area between the strip and the ground plane, and then enhance the capacitance C. Thus, the value of θ-polarization increased with h increasing. From Fig. 16(a) , the gains of the θ-polarization for h = 2 mm, 4 mm and 6 mm are −2.86 dBi, −1.62 dBi and −1.08 dBi, respectively. While, as shown in Fig. 16(b) , the changing of the h has little impact on the ϕ-polarization as it rarely affects the horizontal currents. The gains of the ϕ-polarization for h = 2 mm, 4 mm and 6 mm are −1.74 dBi, −1.60 dBi and −2.08 dBi, respectively. The calculated values of E ϕ /E θ are about 1.29, 1.00 and 0.79 for h = 2 mm, 4 mm and 6 mm, respectively. Therefore, the parameter h is valuable for the two orthogonal polarizations tuning.
The PDs and ARs in terms of h were plotted in Fig. 17 (a) and (b), respectively. Note that, the results were obtained at xy-plane and their corresponding resonant frequencies. As shown in Fig. 17(a) , the height h has little effect on the PD as expected. However, as the ratio of E ϕ /E θ can be tuned by h and the ratio values of h = 2 mm and 6 mm diverge 1, the AR values of h = 2 mm and 6 mm in Fig. 17(b) are worse than that of h = 4 mm. However, good ARs (ࣘ3 dB) were still obtained, and the average AR for h = 2 mm and 6 mm are 1.7 dB and 1.4 dB, respectively. Therefore, the parameter h is valuable for resonant frequencies and orthogonal polarizations tuning.
Conclusion
A compact and low-profile CP antenna was designed based on the special characteristics of the proposed curved EZR-MZR resonator. By arranging four curved EZR-MZR resonators in a ring form array, the EZR and MZR features of the antenna operate as electric dipole and magnetic dipole alternately. Then, the two 90°PD orthogonal polarizations radiate omni-directionally and form circular polarization pattern. Radial microstrip lines with capacitive feeding strips were utilized to feed the antenna. Operational mechanism and characteristics of the EZR-MZR resonator were analyzed for CP design application. The proposed CP antenna was also investigated in detail. Bandwidth enhancement of the proposed CP antenna is being further consideration by the authors.
